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Abstract Softwood acetic acid lignin (SAL) free from a 
high-molecular-mass fraction could be spun at 220°C by a 
spinning machine equipped with an extruder. Although the 
resulting fibers required thermostabilization, this step could 
be conducted with a faster heating rate than that for fibers 
obtained from hardwood acetic acid lignin (HAL). The 
thermostabilized SAL fibers were converted to activated 
carbon fibers (ACF) by carbonization in a stream of nitro¬ 
gen at 1000°C, followed by steam activation at 900°C. At an 
activation time of 40 min, the SAL-ACF had a larger 
specific surface area than the corresponding HAL-ACF. 
When the activation time for SAL carbon fibers was pro¬ 
longed to 80 min, the adsorption capacities of resulting ACF 
against iodine and methylene blue were markedly in¬ 
creased, as was the surface area of the ACF. It was found 
that SAL-ACF had adsorption properties comparable to 
those of high-performance commercial ACF. Also, it had a 
tensile strength equal to that of a pitch-derived ACF. 

Key words Activated carbon fibers • Softwood acetic acid 
lignin ■ Specific surface area • Steam activation 


Introduction 

Utilization of lignin is one of the most important objectives 
for achieving effective utilization of woody biomass compo¬ 
nents. From this viewpoint, atmospheric acetic acid pulping 
has been developed as an efficient method for separating 
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wood components. The resulting lignin, acetic acid lignin 
(AL), was then characterized in terms of chemical structure 
and thermal properties. In particular, hardwood acetic acid 
lignin (HAL) was found to have a unique thermal property: 
It is fusible. 1 HAL was also found to undergo readily trans¬ 
formation to fibers by fusion spinning, which were then 
converted to carbon fibers (CFs) after thermostabilization. 2 
The CFs were subsequently activated with steam to produce 
activated carbon fibers (ACFs). 3 The ACFs activated for 
40 min had an adsorption capacity comparable or superior 
to that of commercial AC powder. Thus, HAL seems to be 
a promising source for producing ACF, although it requires 
thermostabilization to preserve its fibrous shape during the 
carbonization process. In general, thermostabilization is a 
troublesome process. 

In addition to HALs, softwood acetic acid lignin (SAL) 
was spun in our laboratory using the test-spinning apparatus 
at 350°C after removing the high-molecular-mass fraction 
with less thermal mobility by solvent fractionation. 4 
The resulting SAL fibers also could be converted to the 
corresponding CF by direct carbonization without thermo¬ 
stabilization, an advantage over the HAL fibers. 5 Despite 
this advantage, the resulting SAL-CF has an inferior tensile 
strength compared to that of HAL-CF. This weak strength 
is attributed to the fact that the former has a more highly 
porous structure than the latter. However, when SAL-CF is 
converted to the corresponding ACF, the resulting SAL- 
ACF is expected to have better adsorption properties than 
HAL-ACF because SAL-CF has a more highly porous 
structure than HAL-CF. 

The preparation and characterization of ACF from SAL 
were investigated here to clarify the potential of SAL as a 
source for manufacturing ACF. In particular, our effort was 
focused on the relation between adsorption properties and 
activation time for the resulting ACF. Because the charac¬ 
teristics of ACF were affected by the spinning conditions 
and the CF production process, we investigated these pro¬ 
cesses again here. We mainly examined the spinning condi¬ 
tions of SAL using the extruder to produce SAL fibers at an 
industrial scale, because technical melt spinning was per¬ 
formed on the extruder under high extrusion pressure. 
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Thermostabilization was also examined as the crucial 
process for converting the resulting SAL fibers to the 
corresponding ACF. 


Materials and methods 

Softwood acetic acid lignin (SAL) was prepared by acetic 
acid pulping of todo fir (Abies sachalinensis Masters) under 
air atmosphere. The high-molecular-mass fraction in SAL 
was removed by solvent fractionation to give SAL. 4 SAL 
fibers were prepared by fusion spinning on our laboratory 
spinning apparatus and a melt spinning test machine at 
Fuji Spinning Co. as described previously. 2 The spinning 
temperatures for the machines were 320°C and 220°C, 
respectively. 

The SAL fibers were thermostabilized in air at 250°C for 
1 h. The heating rate was 2°C/min from room temperature. 
The thermostabilized SAL fibers were subsequently car¬ 
bonized at 1000°C for lh under a nitrogen stream. The 
heating rate was 180°C/min. The SAL-CFs were activated 
at 900°C for 40-80 min in an electric furnace by introducing 
steam mixed with nitrogen. 3 

Nitrogen adsorption isotherms were measured on a 
Belsorp 28 (Nippon Bell, Japan). The specific surface area 
of ACF was calculated from nitrogen adsorption by the 
BET equation. The micropore distribution was estimated 
by the micropore method of f-plot 6 and the mesopore distri¬ 
bution by the Dollimore-Heal method. 7 Adsorption capaci¬ 
ties of ACFs against iodine and methylene blue were 
measured from the adsorption isotherm according to JIS K- 
1474. Tensile strength was measured according to JIS K- 
1477. 


Results and discussion 

Fusion spinning and thermostabilization 

As previously reported, SALs were spun at a spinning 
temperature of 350°-370°C on our laboratory apparatus, 
although SAL free from the high-molecular-mass fraction 
showed fusibility at 186°C. 4 This temperature is denoted as 
the thermal flow-starting temperature (Tf). The spinning 
temperature of SAL is much higher than that of FIAL de¬ 
spite a small difference in Tf between them. This could be 
the reason for the high melt viscosity of SAL. In the case of 
HAL, the melt viscosity decreased with increasing tempera¬ 
ture; but after reaching the minimum it increased, probably 
because of condensation and charring. 2 SAL might behave 
in a manner similar to the thermal behavior of HAL. There¬ 
fore, only a fused part of SAL with low melt viscosity at an 
elevated spinning temperature, but without charring, could 
be likely spun by the apparatus that could be pressurized 
only up to 5kgf/cm 2 . Actually, most of SAL in a spinning 
tube remained as char with this spinning. SAL in fusion was 
assumed to be more easily extruded when spun at lower 
temperatures by employing higher extrusion pressures. This 


would lead to an increase in the proportion of fibers to be 
spun without charring. 

In the laboratory apparatus, the spinning temperature 
could be lowered to 320°C by slightly increasing the nitro¬ 
gen pressure (to approximately 6kgf/cm 2 ). Therefore, much 
higher pressure might result in lowering the temperature. 
Hence, SALs were subjected to the fusion spinning on a 
machine equipped with an extruder that can be pressurize 
to 400kgf/cm 2 . 2 The SAL fibers were spun at a temperature 
of 220°C. The winding rate was 350m/min. The spi nn ing 
temperature was a little higher than the Tf and similar to 
that used for HAL fibers. By contrast, SAL could not be 
spun at the elevated temperature (320°C) because most of 
the SAL was charred. The achievement of low temperature 
spinning was attributable to the fact that a screw of the 
extruder could physically carry the SAL melt with relatively 
high viscosity to the nozzle. This resulted in high-pressure 
extrusion of fibers from the nozzle. Because spinning using 
the extruder is a typical method for industrial melt spinning, 
achievement of the spinning implies that the process for 
mass production of SAL fibers is a viable technology. 

The SAL fibers spun at 350°C could be carbonized di¬ 
rectly without thermostabilization. However, SAL fibers 
spun at 220°C and 320°C required such treatment, because 
the fibers adhered to each other, and their shape changed 
during the direct carbonization process. The thermostabili¬ 
zation involved oxidative reactions that resulted in cross- 
linking fusible SAL molecules with oxygen to give infusible 
materials with oxygen bridges. To keep the fibrous shape it 
was necessary to proceed with the reaction gradually. HAL 
fibers were thermostabilized at a heating rate of 0.5°C/min. 
In contrast, thermostabilization of the SAL fibers was 
performed at a heating rate of 2.0°C/min. The thermosta¬ 
bilization was accomplished even at a heating rate of 3.0°C/ 
min, in which a significant number of the fibers adhered to 
the glass plate used as the support. However, this is not a 
major problem because the actual thermostabilization pro¬ 
cess is conducted in air, in which the treated fibers do not 
come into contact with any materials. These results sug¬ 
gested that thermostabilization of SAL fibers should be 
carried out only for a short time - approximately one-sixth 
of the time required for HAL fibers. 


Relation between activation time and adsorption property 

All infusible SAL fibers could be converted to ACFs by 
carbonization followed by steam activation. In this study 
the performance of ACFs prepared from SAL fibers spun at 
320°C was evaluated with an activation time of 40-80 min. 
Figures 1 and 2 show the yield and specific surface area 
versus the activation time for ACFs, respectively. The re¬ 
sults of HAL-ACF are included as a reference. In general, 
the yield is decreased as the activation time is prolonged. 8 
With an activation time of 40 min, SAL-ACF had a larger 
specific surface area than did HAL-ACF, although the yield 
of the former was higher. An area of this magnitude might 
result from the highly porous structure of the original SAL 
fibers. By prolonging the activation time, the surface area 
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Fig. 1. Relation between yield and the activation time, dosed circles, 
softwood acetic acid lignin-activated carbon fibers (SAL-ACF); open 
circles, hardwood acetic acid lignin-activated carbon fibers (HAL- 
ACF) 



Fig. 2. Relation between specific surface area and activation time. 
Closed circles, SAL-ACF; open circles, HAL-ACF 


was markedly increased. The surface area of SAL-ACF was 
approximately 2000 nr-g -1 , when activated for 80 min. This 
value was comparable to that of high-grade commercial 
ACF. 9 

Figures 3 and 4 show the adsorption capacities of SAL- 
ACF against iodine and methylene blue, respectively. Evi¬ 
dently, the activation time had a considerable effect on the 



Fig. 3. Iodine adsorption capacity of SAL-ACF 



Fig. 4. Methylene blue adsorption capacity of SAL-ACF 


adsorption capacities of SAL-ACF against adsorbates in 
addition to the specific surface area. The capacities of SAL- 
ACF to adsorb iodine and methylene blue with an 80-min 
activation were 1930 and 1830mg-g -1 , respectively. For the 
SAL-ACF obtained, the adsorbed amounts of methylene 
blue and iodine were superior and almost equal to a high 
grade pitch-derived ACF, respectively. 9 

The adsorption characteristics of ACF are closely re¬ 
lated to the internal surface area and the development of 
micro- and mesopores, which act as adsorption sites. Al¬ 
though the iodine capacities of the 40- and 60-min activated 
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Table 1. Internal and external surface areas for various activated carbons 


Sample 

Activation time 
(min) 

Surface area 

(mV) 


Ratio' 


Total” 

Internal 11 

External 1 ’ 



SAL-CF 

0 

370 

355 

15 

24 

SAL-ACF 

40 

1400 

1360 

40 

34 


60 

1550 

1500 

50 

30 


80 

1930 

1790 

140 

13 

HAL-ACF 

40 

1180 

1130 

50 

23 

AC powder* 1 

AC granule* 1 


1180 

810 

370 

2.2 


960 

930 

30 

31 


SAL, softwood acetic acid lignin; CF, carbon fibers; ACF, activated carbon fibers; HAL, 
hardwood acetic acid lignin; AC, activated carbon 
“Value was obtained by the BET equation 

b These values were calculated from the f-plot on the basis of BET surface area 
c Ratio is internal surface/external surface 

d AC samples were purchased from Wako Pure Chemicals, Co., Japan 



Fig. 5. Micropore distribution of SAL-ACF. Dotted line, 40-min acti¬ 
vation; broken line , 60-min activation; solid line , 80-min activation 


ACFs were almost the same, the methylene blue capacities 
were considerably different. It is generally accepted that the 
amount of adsorbed methylene blue is highly correlated 
with the specific surface area of an adsorbent. 10 As shown in 
Table 1, the internal area of the resulting ACF was prefer¬ 
entially increased as the activation time was prolonged. The 
results were in good agreement with previous observations. 

Figure 5 shows micropore distribution, and Fig. 6 depicts 
the cumulative pore volume plot for the mesopore. The 
developments of the pores for the ACF activated for 40 
and 60 min were apparently almost the same, whereas the 
development of the mesopore was slightly different. The 
mesopores in the 40min-activated ACF were probably de¬ 
veloped from pores with a large radius, which SAL fibers 
originally have before activation. In contrast, the develop¬ 
ment of mesopores in the 60min-activated ACF took place 



Pore radius (A ) 


Fig. 6. Cumulative pore volume of SAL-ACF in mesopore region. 
Circles, 40-min activation; triangles, 60-min activation; squares, 80-min 
activation 


mostly in the region of 10-20A. In the 80min-activated 
ACF, the mesopores of less than 50 A were gradually 
developed with a large increase of pores having radii of less 
than 20 A. In addition, micropores developed noticeably, 
as shown in Fig. 5. Thus, the mesopores and micropores 
developed in the 80 min-activated ACF brought about the 
large adsorption capacities for the resulting ACFs. 


Tensile strength of SAL-ACF 

The mechanical strength of SAL-ACF is one of the most 
important factors with respect to durability and handling 
for the subsequent processes. Figure 7 shows the tensile 
strength and diameter of SAL-ACF versus the activation 
time. The tensile strength of SAL-CF was approximately 
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Conclusions 

Softwood acetic acid lignin fibers could be prepared at 
220°C, a temperature slightly higher than the thermal flow¬ 
starting temperature. Although the fibers required thermo- 
stabilization to preserve their fibrous shape during the 
carbonization process, the thermostabilization of SAL 
fibers could be conducted at a faster heating rate than that 
used for the corresponding treatment of HAL fibers. SAL- 
ACF activated for 80 min had a large specific surface area 
and adsorption capacity comparable to those of commercial 
ACF with the highest performance. Furthermore, the SAL- 
ACF had sufficient strength for commercial use. Therefore, 
SAL is a promising source for production of ACF. 
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Fig. 7. Tensile strength and diameter of SAL-ACF 
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